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Optically-Induced Suppression of Spin Relaxation in Two-Dimensional Electron
Systems with Rashba Interaction
Yuriy V. Pershin
Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320, USA
A pulsed technique for electrons in 2D systems, in some ways analogous to spin echo in nuclear
magnetic resonance, is discussed. We show that a sequence of optical below-band gap pulses can be
used to suppress the electron spin relaxation due to the D’yakonov-Perel’ spin relaxation mechanism.
The spin relaxation time is calculated for several pulse sequences within a Monte Carlo simulation
scheme. The maximum of spin relaxation time as a function of magnitude/width of the pulses
corresponds to pi-pulse. It is important that even relatively distant pulses efficiently suppress spin
relaxation.
PACS numbers: 72.15 Lh, 85.75-d, 76.60 Lz
There has been a lot of experimental [1, 2, 3, 4, 5]
and theoretical [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] in-
terest in the physics of spin relaxation in semiconductor
structures. The main reason for that is the potential
of spintronic applications [16, 17, 18, 19, 20, 21, 22, 23].
Controlling spin relaxation rate is interesting both from a
fundamental and practical point of view. One of the ways
through which spin polarization can be lost is spin-orbit
interaction. Of particular interest is Rashba spin-orbit
(SO) interaction [24], which is observed in asymmetric
heterostructures. Corresponding spin relaxation mecha-
nism is known as D’yakonov-Perel’ (DP) spin relaxation
mechanism [25].
Let us consider a system of 2D electrons confined in a
quantum well or heterostructure. The Rashba spin-orbit
interaction can be regarded as an effective momentum-
dependent magnetic field acting on electron spins. In the
presence of the effective magnetic field, the electron spins
feel a torque and precess in the plane perpendicular to
the magnetic field direction with an angular frequency
−→
Ω(
−→
k ). This precession leads to an average spin relax-
ation (dephasing). Momentum scatterings reorient the
direction of the precession axis, making the orientation
of the effective magnetic field random and trajectory-
dependent. Therefore, frequent scattering events sup-
press the precession and consequently the spin relaxation.
This is the motional-narrowing behavior, accordingly to
which the spin relaxation time τ−1s ∝ τp[25], where τp is
a momentum scattering time.
Spin echo is a standard way to overcome dephasing
in nuclear magnetic resonance experiments [26]. Nuclear
spin magnetization, after a free induction decay, can be
restored, as a result of the effective reversal of the de-
phasing of the spins (refocusing) by the application of
a refocusing RF pulse (applied in a time shorter than
or of the order of T2 time). Unfortunately, this method
can not be directly applied to electron spin coherence in
heterostructures. One of the obstacles is that the mini-
mum achievable RF pulse length of ∼ 10ns is of the or-
der or even longer than the typical spin coherence time.
Moreover, the effective magnetic field due to SO inter-
action is fixed only between two consecutive scattering
events. Therefore, a refocusing pulse sequence should
have a pulse separation of the order of τp and pulse du-
ration much shorter than τp. In what follows we discuss
a possible realization of such refocusing pulse sequence
based on a method from femtosecond optics.
In this Letter we consider dynamics of electron spin po-
larization in a two-dimensional semiconductor structure
like a quantum well or heterostructure under a train of in-
tense optical below-band gap circularly-polarized pulses.
Recent experiments have been demonstrated that an ef-
fective magnetic field due to an optical below-band gap
pulse coherently rotates electron spins on a time scale of
∼ 150fs [27], which is much shorter than typical values of
τp in clean structures. The mechanism of spin rotation is
based on the optical Stark effect [28]. Physically, the op-
tical Stark effect in semiconductors is related to optically-
induced modification (dressing) of quantum states [28],
including optically-induced spin splitting [27, 29]. Since
below-band gap laser does not excite real excitons, the
optically-induced spin splitting lasts only as long as the
pump pulse. The purpose of the current investigation is
to study the effect of the pulse sequence on electron spin
relaxation time in 2D quantum structures with dominant
D’yakonov-Perel’ spin relaxation mechanism. Electron
spin rotations due to the pulse sequence result in partial
compensations of spin precessions due to the Rashba in-
teraction. Correspondingly, electron spin relaxation time
becomes longer.
The main idea of our approach is illustrated in Fig.
1. Let us consider the evolution of an electron spin
(initially aligned with z-axis) during a time interval be-
tween two consecutive scattering events. Using a semi-
classical approach to electron space motion (the electrons
are treated as classical particles in the effective-mass ap-
proximation), we assume that an electron moves along
a straight trajectory with a constant velocity. Fig. 1(a)
shows that without a pulse, the direction of electron spin
at t = t0 is changed by an angle θ due to precession
around the effective spin-orbit magnetic field BR. Fig.
1(b) demonstrates the effect of the light pulse applied
at t = t0/2 (Fig. 1(c)) with such a width and intensity
that the electron spin rotates around z-axis by angle pi.
2FIG. 1: The effect of an ideal pi-pulse on the electron spin
polarization vector S: (a) evolution of the spin polarization
vector without a pulse ; (b) evolution of the spin polarization
vector with a pulse ; (c) pulse profile.
It is readily seen that in this case at t = t0 the electron
spin is directed in the initial z-direction, so the effect of
Rashba spin-orbit interaction is eliminated. In reality, of
course, it is not possible to apply pulses exactly in the
middle of each free flight interval for each electron, hence,
a residual relaxation remains.
In order to get a quantitative estimation of the effect,
we perform a Monte Carlo simulation of spin dynamics
in the presence of optical below-band gap pulses. The
electron spin relaxation time is calculated as a function
of the electron spin precession angle ϕ (due to a pulse)
for different selected values of the spacing between pulses
TB and for two types of pulse sequences: unidirectional
and alternating. For the sake of simplicity, we assume
that the effective magnetic field due to the pulse is much
stronger than the effective magnetic field due to the spin-
orbit interaction. This assumption allows us to consider
the electron spin precession events due to the pulses as
instantaneous.
Within a Monte Carlo simulation scheme, it is assumed
that the electrons move along trajectories, which are de-
fined by bulk scattering events (scattering on phonons,
impurities, etc.), with an average velocity v. The angu-
lar frequency corresponding to the Rashba coupling can
be expressed as
−→
Ω = η−→v × zˆ, where η = 2αm∗~−2, m∗
is the effective electron mass, and α is the interaction
constant that enters into the Rashba spin-orbit coupling
Hamiltonian
HR = α~
−1 (σxpy − σypx) . (1)
Here, −→σ is the Pauli-matrix vector corresponding to the
electron spin. The spin of a particle moving ballistically
over a distance 1/η will rotate by the angle γ = 1. The
angle of the spin rotation per mean free path Lp is given
by ηLp. It is assumed that at the initial moment of time
the electron spin are polarized in z-direction (perpendic-
ular to the plane) by a pump beam. We calculate 〈
−→
S 〉
as a function of time by averaging over an ensemble of
electrons and taking into account both Rahsba-induced
and optically-induced spin precessions. The spin relax-
ation time is evaluated by fitting the time-dependence of
〈
−→
S 〉 to an exponential decay. The detailed description of
the basic Monte Carlo simulation scheme can be found
in Ref. [6]. We note that the selected Monte Carlo al-
gorithm correctly describes the physics of DP relaxation.
However, since all scattering parameters and tempera-
ture effects are taken into account only via two parame-
ters Lp and τp, the temperature dependence as well as the
role of Coulomb scattering can not be easily evaluated,
and more sophisticated simulations [13] are required.
The time-dependence of 〈
−→
S 〉 was calculated for an en-
semble of 105 electrons for each value of the parameters
describing the pulse sequence. The spin relaxation time
for various pulse spacings is shown in Fig. 2 as a function
of the spin rotation angle. We found that the rate of in-
crease of spin relaxation time does not depend on the pa-
rameter ηLp when ηLp < 1. Instead, it is completely de-
fined by the spacing between pulses, by the type of pulse
sequence, and by the spin rotation angle due to a pulse.
A strong dependence of the spin relaxation time on the
pulse sequence is observed. For short spacings between
pulses, the unidirectional pulse sequence suppresses the
spin relaxation more efficiently than the alternating pulse
sequence. The spin relaxation time coincides for both
pulse sequences only for ϕ = pin, where n is an integer
number. Furthermore, the spin relaxation time τs(ϕ) is a
periodic function of ϕ with period 2pi, symmetric within
a period, τs(pi+β) = τs(pi−β), where β ∈ [0, pi], and has
a maximum at ϕ = pi(2n+1). By increasing the spacing
between pulses, the relaxation time decreases for both
sequences. When the spacing between pulses becomes
as long as a few momentum relaxation times, the spin
rotations due to neighboring pulses become uncorrelated
and the dependence of the spin relaxation time on ϕ is
the same for both pulse sequences. This is clearly seen
for Tb = 3τp in Fig. 2. It is important to notice that
a significant increase of spin relaxation time is observed
even when the spacing between pulses is longer than τp.
Fig. 3 shows the spin relaxation time as a function
of the spacing between pulses TB in the practically im-
portant situation ϕ = pi, which is characterized by the
longest spin relaxation time. The spin relaxation time
sharply increases at small values of TB and slowly de-
creases with increase of TB to the spin relaxation time
without pulses τs(ϕ = 0). Let us derive the asymptotic
behavior of the spin relaxation time as a function of spac-
ing between pulses in this case. First, consider the limit
of distant pulses, when TB ≫ τp. Using a method de-
scribed in Ref. [30] and assuming that a pulse is applied
in an arbitrary time moment t between two scattering
events separated by a time interval τ , the mean squared
dephasing between these scattering events δθ2 is given by
δθ2 =
1
τ
τ∫
0
Ω2(2t− τ)2dt =
1
3
Ω2τ2. (2)
The mean squared dephasing between two scattering
3FIG. 2: Spin relaxation time as a function of the spin preces-
sion angle ϕ due to a pulse for several pulse periods TB and
two types of pulse sequences: unidirectional pulse sequence
(a), alternating pulse sequence (b). These plots was obtained
using the parameter value ηLp = 0.4.
events without a pulse is simply given by δθ2 = Ω2τ2.
Taking into account the pulse probability, τ/TB, and
the exponential distribution of probability of scattering,
p(τ, τ + dτ) = (1/τp)exp (−τ/τp) dτ , the mean free de-
phasing after δθ2 scattering events will be
δθ2 = n
1
τp
∞∫
0
e
−
τ
τp
((
1−
τ
TB
)
+
τ
TB
1
3
)
Ω2τ2dτ =
2nΩ2τ2p
(
1− 2
τp
TB
)
. (3)
If we take the relaxation time τs for a group of spins
in phase at the initial moment of time to get about one
radian out of step, we find
τs =
τp
2Ω2τ2p
1
1− 2
τp
TB
. (4)
FIG. 3: Spin relaxation time as a function of the spacing
between pulses TB at ϕ = pi. The assymptotic behavior of the
spin relaxation time (Eqs. (4), (5)) is in excellent agreement
with Monte Carlo results.
The first term at the right-hand side of Eq. (4) is
the spin relaxation time without pulses, the second term
describes the effect of the pulse sequence. In the opposite
limit, when the number of pulses per mean free path is
large TB ≪ τp, the spacing between pulses TB defines
the characteristic angle of spin precession between two
scattering events, instead of the momentum relaxation
time τp. Thus we can write
τs ∼
τp
Ω2T 2B
. (5)
The asymptotic expressions for spin relaxation time, Eqs.
(4), (5) are presented in Fig. 3 showing an excellent
agreement with Monte Carlo results.
We would like to emphasize that the proposed tech-
nique is most suitable for clean quantum structures with
low electron density at low temperatures, i.e. when τp
is long. For example, taking vF = 5 · 10
6cm/sec and
Lp = 1µm we obtain τp = 20ps. Our calculations in-
dicate that in order to get a two-fold increase in τs,
the spacing between the pulses at τp = 20ps should be
∼ 50ps at ϕ = pi. The calculations presented in this
paper have been made for a particular value of the pa-
rameter ηLp = 0.4. This specific value of ηLp is real-
izable in physical systems. For instance, considering an
InAlAs/InGaAs quantum well [31] with α = 0.4·10−12 eV
m, m∗ = 0.04me, and Lp = 1µm, we obtain ηLp = 0.42.
We would like to emphasize again that the rate of change
of τs does not depend on ηLp in the motional-narrowing
regime.
In order to experimentally observe supression of spin
relaxation, the energy of below-band gap laser must be
adjusted to minimize the excitation of real carriers by
compromising between state-filling effects and magnitude
of the Stark shift [27]. Recent calculations for quantum
dot geometry demonstrate that pi pulses may be obtained
4even for quite large detunings (∼ 70meV) and experi-
mentally realistic pump parameters. Definitely, the role
of unwanted carriers excitation is smaller in systems with
ηLp & 1, when just several pulses significantly increase
τs. Another important effect that should be avoided is
the sample heating. This can be done in the following
way. The initial electron spin polarization can be excited
N times per second and followed by M below-band gap
pulses, so that the total number of pulses per second is
N ·M . Typically, 1ns. τs(ϕ = 0) . 100ns. Therefore,
the required number of pulses M to monitor enhance-
ment of τs(ϕ = 0) at TB = 50ps is ∼ τs(ϕ = 0)/TB =
20..20000. In the recent experiment [27] the sample was
not significantly heated at 250kHz pump repetition rate.
Consequently, the sample heating is smaller than in Ref.
[27] if N < [250000/M ], where [..] denotes the integer
part.
In conclusion, the electron spin relaxation due to the
D’yakonov-Perel’ spin relaxation mechanism under a se-
quence of optical below-band gap pulses was studied.
The pulse sequence rotating electron spins around the
axis perpendicular to the quantum well significantly sup-
press spin relaxation in a way quite similar to the spin
echo in the nuclear magnetic resonance. The spin rota-
tion mechanism is based on the optical Stark effect. It
was demonstrated that the optical Start effect in semi-
conductors allows obtaining very short (∼ 150fs) and
strong (∼ 20T) pulses of effective magnetic field [27].
Spin relaxation time was calculated for different pulse se-
quences and spacing between pulses. It was found that,
in general, unidirectional pulse sequences suppress the
spin relaxation more efficiently than the alternating one.
Analytical formulae for asymptotic behavior of the spin
relaxation time were obtained. The proposed method of
spin coherence control could find applications in probing
spin-coherence dynamics in heterostructures.
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